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By combining ab initio simulations including an on-site Coulomb repulsion term and Boltzmann theory, we
explore the thermoelectric properties of (LaNiO3)n/(LaAlO3)n(001) superlattices (n = 1, 3) and identify a
strong dependence on confinement, spacer thickness, and epitaxial strain. While the system with n = 3 shows
modest values of the Seebeck coefficient and power factor, the simultaneous reduction of the LaNiO3 region
and the LaAlO3 spacer thickness to single layers results in a strong enhancement, in particular of the in-plane
values. This effect can be further tuned by using epitaxial strain as control parameter: Under tensile strain
corresponding to the lateral lattice constant of SrTiO3 we predict in- and cross-plane Seebeck coefficients of
±600 µV/K and an in-plane power factor of 11 µW/K2cm for an estimated relaxation time of τ = 4 fs around
room temperature. These values are comparable to some of the best performing oxide systems such as La-
doped SrTiO3 or layered cobaltates and are associated with the opening of a small gap (0.29 eV) induced by
the concomitant effect of octahedral tilting and Ni-site disproportionation. This establishes oxide superlattices
at the verge of a metal-to-insulator transition driven by confinement and strain as promising candidates for
thermoelectric materials.
PACS numbers: 73.50.Lw, 73.40.-c, 68.65.Cd, 73.20.-r
I. INTRODUCTION
Transition metal oxides are an important class of ma-
terials for thermoelectric applications due to their chemi-
cal and thermal stability and environmental friendliness, but
also to the prominent role of electronic correlations.1,2 Con-
siderable experimental and computational3 research aims at
finding oxide thermoelectrics with improved performance,
mostly among bulk materials4,5 by doping6–9 or strain.10
Nanostructuring and dimensional confinement are alterna-
tive strategies to enhance the thermoelectric properties.11,12
To this end, modern layer-by-layer growth techniques allow
for an atomic-scale design of artificial transition metal ox-
ide heterostructures that display exotic characteristics, no-
tably different from their bulk components.13–17 Concerning
the thermoelectric response, a particularly promising sys-
tem is δ-doped SrTiO3 (STO).18,19 On the theoretical side,
the role of confinement has been addressed in a few cases,
e.g., in LaAlO3/SrTiO3(001) and δ-doped STO superlattices
(SLs).20–23 Recently, the design of n- and p-type oxide ther-
moelectrics, exploiting the selective polarity of their inter-
faces, was proposed in (LaNiO3)3/(STO)3(001) SLs.24
Another system that has been in the focus of in-
tensive research comprises the paramagnetic correlated
metal LaNiO3 (LNO)25–28 and the band insulator LaAlO3
(LAO). In 2008 Chaloupka and Khaliullin29 proposed that
a cuprate-like electronic structure30 can be realized in
(LaNiO3)1/(LaBO3)1(001) SLs (B being a trivalent cation
such as Al) by using confinement and strain. Subsequent
studies have shown that a single or a double LNO layer
confined in LAO undergoes a metal-to-insulator transition
(MIT) for tensile strain31–33 and exhibits magnetic order.34–37
Additionally, considerable orbital polarization can be ob-
tained through strain34 or chemical control by using differ-
ent B counterions (B, Al, Ga, In).38 With increasing LNO
thickness the metallic behavior common to bulk LNO is re-
stored, e.g., in (LNO)n/(LAO)3(001) SLs on STO (n =
3, 5, 10)31,33 or (LNO)4/(LAO)4(001) SLs on STO.39,40 In
contrast to LNO/STO(001) SLs,24 in LNO/LAO(001) SLs
there is no polar discontinuity at the interface, and unlike
LNO/LaTiO3(001) SLs,41 no charge transfer across the in-
terface arises, leaving the nickelate in LNO/LAO(001) SLs
undoped.42
Despite this rich electronic and magnetic behavior of nick-
elate SLs, the thermoelectric properties have not been ad-
dressed so far. Here we focus in particular on the effect
of confinement and epitaxial strain in (LNO)n/(LAO)n(001)
SLs with n = 1, 3. We provide a detailed analysis of the
in- and cross-plane electronic transport by using Boltzmann
theory in the constant relaxation time approximation and de-
termine the Seebeck coefficients and estimates for the at-
tainable power factor, focusing on around-room-temperature
applications. We find that the degree of quantum confine-
ment in the vertical direction strongly affects the thermo-
electric response, particularly in-plane. We furthermore dis-
entangle the role of octahedral tilting in the previously pre-
dicted Ni-site disproportionation under tensile strain.31 We
show that the sensitivity of the MIT and of the band ve-
locities near the emerging band gap to epitaxial strain can
be used to optimize the thermoelectric performance of such
SLs. The room-temperature values for the Seebeck coeffi-
cient and the power factor are compared to other topical oxide
systems like La-doped STO9,19,23 or layered cobaltates.43–45
By contrasting the ultrathin SLs to the metallic longer-period
(LNO)3/(LAO)3(001) case we point out the relevance of the
MIT in obtaining a high thermoelectric response.
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2II. METHODOLOGY
We have performed first-principles calculations in the
framework of spin-polarized density functional theory46
(DFT) as implemented in the Quantum Espresso code.47
The generalized gradient approximation (GGA) was used for
the exchange and correlation functional as parametrized by
Perdew, Burke, and Ernzerhof.48 Static correlation effects
were considered within the DFT+U formalism49 using U = 4
and J = 0.7 eV for Ni 3d, which is in line with previous work
by us and others.24,31,50–52
In order to take octahedral tilts fully into account, we have
modeled the (LNO)n/(LAO)n(001) SLs (n = 1, 3; denoted by
1/1 and 3/3 in the following) by using
√
2a×√2a× 2c (6c)
supercells, rotated by 45◦ around the (pseudo-)cubic c axis,
that contain 20 (60) atoms in total. We have considered the
effect of epitaxial strain by setting the in-plane lattice param-
eter to aLAO = 3.79 Å, aSTO = 3.905 Å, or aDSO = 3.94 Å
(DyScO3). The out-of-plane lattice parameter has either been
set to previously determined values (c = 3.93 Å for aLAO, c =
3.83 Å for aSTO)31,32 or has been optimized (c = 3.79 Å for
aDSO). All structures exhibit an antiferrodistortive a−a−c−
octahedral rotation pattern, with a stronger effect in the NiO6
octahedra (see Supplemental Material). For aSTO and aDSO,
the AlO6 octahedra show almost no rotation around the c axis.
Wave functions and density have been expanded into plane
waves up to cutoff energies of 35 and 350 Ry, respectively. Ul-
trasoft pseudopotentials have been used,53 treating the La 5s,
5p, 5d, 6s, 6p, Ni 3d, 4s, Al 3s, 3p, and O 2s, 2p atomic sub-
shells as valence states. For La, Ni, and Al a non-linear core
correction54 has been included. Different Monkhorst-Pack
~k-point grids55 have been used together with a Methfessel-
Paxton smearing56 of 5 mRy to sample the Brillouin zone:
8 × 8 × 6 for the 1/1 SLs and 8 × 8 × 2 for the 3/3 SLs.
The atomic positions have been optimized until the maximum
component of the residual forces on the ions was less than
1 mRy/a.u. In the following, we explore the ferromagnetic
phase of such SLs, noting that also an antiferromagnetic state
has been reported theoretically.36 A G-type antiferromagnetic
order proved to be energetically less stable.
The electronic transport properties of the SLs have been
calculated from the DFT electronic structure on dense ~k-point
grids by using Boltzmann transport theory in the constant re-
laxation time approximation. The BoltzTraP code57 provides
the energy- and spin-resolved transmission Tσ(E). We ob-
tained converged transmission curves by using 64×64×24 ~k
points for the 1/1 SLs and 64×64×8 ~k points for the 3/3 SLs.
From the transmission we have calculated the thermoelectric
quantities by using the approach of Sivan and Imry,58 which
is described in the Supplemental Material and has been used
in previous studies.8,10,24,59–61
III. (LNO)1/(LAO)1(001) SUPERLATTICES
In bulk rare earth nickelates, charge disproportination (CD),
formally denoted as Ni3+ → Ni3+δ + Ni3−δ , has been dis-
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Figure 1. Side views of the optimized (LNO)1/(LAO)1(001) SL
structures and corresponding layer-, site-, and spin-resolved densi-
ties of states for compressive (aLAO, top row) and tensile (aSTO, bot-
tom row) epitaxial strain. The Ni spin magnetic moments are printed
in the NiO2 panels; their difference reflects the disproportionation.
Zero energy denotes the Fermi energy (aLAO) or the valence band
maximum (VBM, aSTO). Note the band gap that opens in the case of
tensile epitaxial strain.
cussed as the origin of the MIT.62–65 These effects also emerge
in ultrathin films and heterostructures,16 often in conjunc-
tion with structural breathing mode distortions (referred to as
bond disproportionation).31,66 In ultrathin 1/1 SLs, such a MIT
has been shown to be a consequence of the interplay of di-
mensional confinement through the wide-gap band insulating
LAO spacer and epitaxial strain.31,32
A. Nature of the metal-to-insulator transition and impact of
octahedral tilts and disproportionation
Figure 1 displays side views of the optimized 1/1 SL
structures and corresponding layer-resolved densities of states
(LDOS) for two exemplary substrate lattice constants, aLAO
(compressive strain) and aSTO (tensile strain). The LDOS
plots show that the states around the Fermi level are local-
ized in the NiO2 layers. Moreover, while the system at aLAO
is metallic, a band gap of 0.29 eV opens for tensile strain.
Consistent with previous results,31 this is caused by a dis-
proportionation at the Ni sites, expressed in the variation of
the Ni1/Ni2 magnetic moments, 0.89/1.17 µB (aLAO) and
0.60/1.41 µB (aSTO), and accompanied by distinct Ni-O bond
lengths. (See the Supplemental Material for further structural
information.)
To disentangle the impact of octahedral tilting and CD,
Fig. 2 compares total energies between different structural
phases of the 1/1 SLs, starting from an undistorted config-
uration and comparing the separate and total effect of octa-
hedral tilting and CD under compressive and tensile strain.
The energy differences are generally higher for aSTO than for
aLAO. The largest energy gain (about 250/280 meV/Ni for
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Figure 2. Stability diagram of (LNO)1/(LAO)1(001) SLs for dif-
ferent structural and electronic phases and varying epitaxial strain.
The respective ground state energies have been chosen as references.
The sequence is, from left to right: undistorted system; CD without
tilts; tilted without CD; tilted with CD. Different octahedral colors
(light/dark blue) are used here to highlight the Ni1/Ni2 dispropor-
tionation within the nickelate (001) planes.
aLAO/aSTO) is caused by octahedral tilting. Disproportiona-
tion lowers the total energy on a smaller scale and stronger
in the case of a tilted structure (13/20 meV/Ni for aLAO/aSTO)
than in the untilted case (1/10 meV/Ni, respectively). Hence,
octahedral tilts increase the tendency towards disproportiona-
tion, and the effect is stronger for tensile than for compressive
epitaxial strain. We note that the inequivalence of the Ni sites
is mandatory for the opening of a band gap.
Figure 3(a) analyzes further how the vertical confinement
splits the four Ni 3d eg majority-spin bands (which are degen-
erate in metallic bulk LNO) into two sets around the Fermi
energy EF. While the set below EF has mixed dz2 and dx2−y2
character, the set above the Fermi level comprises a lower ly-
ing narrower band of dz2 character, followed by a more dis-
persive dx2−y2 band at higher energies. In the case of com-
pressive strain, this distinction is less strict, and the sets of
bands touch or even overlap slightly, for instance close to the
X or Z point or between Γ and M . Under tensile strain, how-
ever, these two sets of bands split, opening a gap of 0.29 eV
at aSTO. In this case, the unoccupied states up to 2 eV are de-
rived predominantly from the Ni1 ions, whereas the occupied
states between EF and EF− 0.6 eV stem mostly from the Ni2
ions. The contribution of both sets to the Fermi surface for
aLAO is clearly visible in Fig. 3(b) and splits to valence band
maximum (VBM) and conduction band minimum (CBM) for
tensile strain. Such complex electronic energy isosurfaces ex-
hibiting many pockets are typical for good thermoelectric ma-
terials.6
Both sets of bands retain a considerable degree of disper-
sion, which leads to a good electronic transmission T↑(E) in-
plane (xy) and cross-plane (z), depending on the type of Ni 3d
orbitals involved [Fig. 3(a)]. Note the two steep transmission
peaks (or hills) near the Fermi energy. In-plane, the peak be-
lowEF shows a stronger, more concentrated transmission than
the peak above EF. Both peaks stem from the Ni 3dx2−y2
orbitals. For cross-plane transport, the peaks are similar in
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Figure 3. (a) Majority spin band structures, projections onto the two
different Ni sites, respective 3d orbital characters, and corresponding
transmission T↑(E) plots of (LNO)1/(LAO)1(001) SLs for compres-
sive (aLAO) and tensile (aSTO) epitaxial strain. Zero energy denotes
the Fermi energy (aLAO) or the VBM (aSTO). The inset clarifies the
relation between the (pseudo-)cubic and our supercell Brillouin zone.
(b) Fermi-surface-like sheets taken in the vicinity of the Fermi energy
(aLAO) or near the band edges (aSTO) illustrate the overlap of bands
being lifted due to increasing epitaxial strain.
height, but the peak above EF is narrower. In this case, they
are related to the Ni 3dz2 orbitals. Due to the almost insu-
lating AlO2 layer (cf. Fig. 1), the cross-plane transmission is
always smaller than the in-plane transmission.
B. Thermoelectric properties
The thermoelectric properties of the 1/1 SLs are summa-
rized in Fig. 4 for compressive (aLAO) and tensile (aSTO) epi-
taxial strain. (Further results for aDSO are shown in the Sup-
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Figure 4. Thermoelectric properties of (LNO)1/(LAO)1(001) SLs
for compressive (aLAO) and tensile (aSTO) epitaxial strain at three
different temperatures. From top to bottom, Seebeck coefficient S,
electrical conductivity σ/τ , electronic contribution to the thermal
conductivity κ0/τ , power factor PF/τ , and electronic figure of
merit ZT |el are shown, where τ denotes the relaxation time con-
stant. Red-orange solid (green dashed) lines depict in-plane (cross-
plane) transport. Zero energy denotes the Fermi energy (aLAO) or the
VBM (aSTO). In the latter case, the CBM is also marked. For the
same energy range, the variation of the chemical potential µ(T ) with
the temperature is shown for six different exemplary doping levels:
±1e− (diamonds), ±10e− (circles), and ±20e− (squares) per 104
atoms.
plemental Material). The layered crystal structure would im-
ply an anisotropic thermoelectric response in the 1/1 SLs, i.e.,
different in- and cross-plane properties, as for example a See-
beck coefficient of +135 µV/K cross-plane and −15 µV/K
in-plane predicted in (LNO)3/(STO)3(001) SLs with p-type
interfaces at room temperature,24 or ∼ −300 µV/K cross-
plane, but only ∼ +10 µV/K in-plane for the layered de-
lafossite PtCoO2 under tensile strain.10 Surprisingly, we ob-
tain large and very similar Seebeck coefficients both in-plane
and cross-plane, in particular for aSTO with values reaching
∼ ±825, ±600, and ±450 µV/K in- and cross-plane at 200,
300, and 400 K, respectively (Fig. 4). The unusually high val-
ues are traced back to the confinement-driven MIT, i.e., the
opening of a band gap due to the coupling of short-period ver-
tical SL design and tensile epitaxial strain. The band gap is
accompanied by highly asymmetric in- and cross-plane trans-
missions T (E) near the chemical potential µ, which result in
large in- and cross-plane Seebeck coefficients. Hence, it is a
remarkable feature of the 1/1 SLs that their in-plane thermo-
electric response is strongly controlled by quantum confine-
ment in the perpendicular [001] direction. This aspect will be
further corroborated when we discuss later the 3/3 SLs, which
exhibit a different degree of confinement.
The bands around the Fermi energy constitute a good mix-
ture between being localized (high asymmetry/Seebeck co-
efficient, but low conductivity) and delocalized (high con-
ductivity, but low asymmetry/Seebeck coefficient). For ten-
sile strain, the opening of the band gap is accompanied by
an increased steepness of the transmission peaks at its edges
[Fig. 3(a)], which further enhances the Seebeck coefficient. In
contrast, compensation of n- and p-type contributions due to
the closed band gap reduces the Seebeck coefficient for com-
pressive strain to ∼ ±80 µV/K. For aLAO, the three Seebeck
curves for different temperatures are rather close, whereas for
aSTO they become flatter (lower Seebeck coefficients attain-
able) with increasing temperature (Fig. 4).
The electrical conductivities (σ ≈ 10−3 to 103/Ω cm as-
suming τ to be in the fs range, Fig. 4) are in the typical range
of doped semiconductors and increase with temperature. Ow-
ing to the transmission anisotropy [Fig. 3(a)], they are al-
most one order of magnitude smaller for cross-plane transport
than for in-plane transport. While σ(µ) is nearly constant in
the shown energy interval for compressive strain, it exhibits
a drastic reduction within the emerging band gap for tensile
strain. The electronic contribution to the thermal conductiv-
ity κ0 is found to always follow the trend of the electrical con-
ductivity σ (Fig. 4).
The higher Seebeck coefficients arising for aSTO relative to
aLAO result in higher power factors PF = σS2. (We note that
in Fig. 4 we report PF/τ to avoid the ambiguity of choice of
the relaxation time). For aSTO, PF/τ increases considerably
with temperature, in particular for in-plane transport (e.g.,
1.7, 2.75, and 3.75 µW/K2cm fs near the VBM for 200, 300,
and 400 K, respectively). This is due to the strong increase
of σ with temperature, which overcompensates the decrease
of S2. The larger in-plane power factors near the VBM rela-
tive to those near the CBM are related to the different width
and height of the corresponding transmission peaks, as men-
tioned above [Fig. 3(a)]. Due to the anisotropic conductivities,
the power factors are mostly higher in-plane than cross-plane
5Table I. Comparison of the attainable thermoelectric performance of
different oxide systems around T = 300 K. In the case of theoretical
results, the used relaxation times τ are given. Note that Seebeck
coefficient S and power factor PF usually reach their maxima under
different conditions, e.g., different doping levels (see Supplemental
Material).
System S (µV/K) PF (µW/K2cm)
(LNO)1/(LAO)1 (this work, τ = 4 fs)
aLAO, in-plane −70, +80 7.2
aSTO, in-plane ±600 11.0
aDSO, in-plane ±740 8.0
aLAO, cross-plane −80 1.2
aSTO, cross-plane ±600 2.0
aDSO, cross-plane ±740 1.6
LNO (this work, τ = 4 fs) −12 1.6
LNO (exp.67) −18 3.2
STO (DFT,23 τ = 4.3 fs) −400 10
La:STO bulk (exp.9) −380 35
La:STO films (exp.19) −980 39
CCO (DFT,44 τ = 0.8 fs) −500, +700 0.7
CCO @ aSTO (DFT,45 τ = 0.3 fs) +25 0.3
CCO/STO (exp.43) +150 3
(where they reach values around 0.5 µW/K2cm fs).
Further increase of tensile strain (i.e., by using DSO instead
of STO as substrate) improves the Seebeck coefficient within
the band gap, but not necessarily near the band edges (see Sup-
plemental Material). Moreover, it lowers the power factor for
both the in- and the cross-plane case. Hence, the thermoelec-
tric response is better on STO, particularly in-plane. We ex-
pect further performance improvement on substrates with lat-
tice parameters slightly lower than that of STO, like LaGaO3
or NdGaO3. An additional advantage of such substrates is the
nonpolar interface to the SL.
The electronic figure of merit ZT |el = σS2T/κ0 reaches
significantly larger values for tensile strain (0.8 – 1.1) than for
compressive strain (0.2), a trend observed also for the power
factor (Fig. 4). Moreover, for aSTO, the in- and cross-plane
ZT |el values are similar. This stems from the peculiar quasi-
equivalence of the in- and cross-plane Seebeck coefficients
and the similar trend of σ and κ0.
The position of the chemical potential plays an important
role for the thermoelectric properties.59 To provide an idea of
its variability, we have calculated µ(T ) from the rigid elec-
tronic structure (Fig. 4), using six different exemplary doping
levels: ±1, ±10, and ±20e− per 104 atoms, corresponding to
∼ ±8.6 · 1018 – ±1.7 · 1020 e−/cm3. Particularly for the case
of aSTO, where a finite band gap exists, the chemical poten-
tial can be varied over a wide energy range (e.g., by extrinsic
n- or p-type doping), such as to optimize the thermoelectric
properties in the temperature interval of interest.
In Table I we compare the 1/1 SLs to some of the best per-
forming oxide systems reported so far. (More details can be
found in the Supplemental Material.) To evaluate the power
factor, we have derived the relaxation time by comparing
the DFT+U conductivity at T = 300 K for paramagnetic
bulk LNO, σ/τ ≈ 2500/Ω cm fs, to the experimental value67
σexp ≈ 104/Ω cm. The obtained τ = 4 fs is within the typ-
ical range of relaxation times; for instance, it is close to the
value used for bulk STO (Table I).23 We will later provide fur-
ther evidence that supports this value. Note that we expect the
real τ to be significantly anisotropic for the SLs due to their
layered crystal structure. For instance, values of 70 fs (in-
plane) and 12 fs (cross-plane) have been reported for PtCoO2
at room temperature.10 In any case, the Seebeck coefficient S
and the electronic figure of merit ZT |el are independent of τ .
For aSTO and aDSO, both the in- and cross-plane Seebeck
coefficients of the 1/1 SLs clearly exceed those of bulk STO
obtained from DFT calculations23 or those measured for La-
doped bulk STO samples,9 but are lower than the values mea-
sured for La-doped STO films19 (Table I). Similarly, the 1/1
SLs exhibit higher power factors than bulk STO; however, the
La-doped STO systems can reach values three times as high.
Another promising materials class for thermoelectric ap-
plications is cobaltates such as the mentioned Pd/Pt-based
delafossites10 or, in particular, the misfit-layered oxide
Ca3Co4O9 (CCO).43–45 Remarkably, the 1/1 SLs can compete
with this material, regardless of the underlying substrate (Ta-
ble I). For aSTO and aDSO, both the in- and cross-plane See-
beck coefficients of the 1/1 SLs are close to (or even exceed)
the in-plane DFT results for pristine CCO, which are already
much higher than DFT results for CCO strained to aSTO. The
in-plane power factors of the 1/1 SLs are by far better than
those obtained for the different CCO systems, also for com-
pressive strain (aLAO). Even the cross-plane power factors of
the 1/1 SLs reach values larger than or close to the in-plane
results for the different CCO systems, whose cross-plane ther-
moelectric response is negligible.
Note that the DFT power factors listed in Table I tend to be
lower than experimentally measured ones. Thus, we expect
an even better thermoelectric performance for grown 1/1 SLs.
IV. (LNO)3/(LAO)3(001) SUPERLATTICES
In order to demonstrate the crucial effect of confinement on
the thermoelectric properties, we now increase the thickness
of both the LNO and the LAO spacer layer to n = 3.
A. Electronic structure
The optimized structures of the 3/3 SL for compressive and
tensile strain are displayed in Fig. 5. In agreement with previ-
ous studies,31 the LDOS plots show that the LNO layer is now
metallic, irrespective of the degree of epitaxial strain and with
no tendency towards disproportionation at the Ni sites. Man-
ually disproportionated in-plane Ni-O bonds relaxed back to
equal Ni-O bonds. (Structural information can be found in the
Supplemental Material.)
Similarly to (LNO)3/(STO)3(001) SLs,24 we observe the
formation of Ni-3dx2−y2 - and Ni-3dz2 -derived quantum well
states within the LAO band gap that respond differently to epi-
taxial strain; i.e., increasing the lattice parameter a from aLAO
to aSTO significantly lowers the energies of the former states
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Figure 5. Optimized structures and layer- and spin-resolved densities
of states of (LNO)3/(LAO)3(001) SLs for compressive (aLAO, left)
and tensile (aSTO, right) epitaxial strain. (Colors and axes as in Fig. 1.
C and IF denote central and interfacial layers, respectively.) The Ni
spin magnetic moments are printed in the NiO2 panels. Zero energy
denotes the Fermi energy. In addition, the Fermi surfaces are shown.
while slightly raising that of the latter states [Fig. 6(a)]. No
significant dispersion arises in the cross-plane direction ow-
ing to the strong quantum confinement by the thick LAO bar-
rier, which has an even larger band gap than STO. The Fermi
surfaces of the 3/3 SLs shown in Fig. 5 exhibit a quasi-two-
dimensional, cylindrical shape, in contrast to those of the 1/1
SLs (cf. Fig. 3). Due to the absence of charge doping, the
Fermi surface of the 3/3 SL for aSTO strongly resembles that
of a (LNO)3/(STO)3(001) SL for aSTO and np-type interface
coupling.24
The response of the Ni magnetic moments to epitaxial strain
is much weaker for the 3/3 SLs than for the 1/1 SLs (Fig. 5).
Generally, they are close to the LNO bulk value (1.04 µB), the
only significant increase being found for the central Ni ion in
the case of tensile strain (1.18 µB). Since no disproportion-
ation arises in this system, the Ni sites within each plane are
equivalent.
B. Thermoelectric properties
The two-dimensional metallic nature of the 3/3 SLs leads
to a high in-plane electrical conductivity [Figs. 6(b) and 7(a)],
which exceeds that of the 1/1 SLs (cf. Fig. 4) and is higher
for aSTO (∼ 710/Ω cm fs) than for aLAO (∼ 550/Ω cm fs). It
shows only a relatively weak dependence on temperature and
chemical potential.
Wrobel et al. recently measured the in-plane electri-
cal conductivity of 3/3 SLs grown by molecular beam
epitaxy (MBE) and pulsed laser deposition (PLD) on
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT, aLSAT = 3.87 Å).68
By comparing their measurements to our simulated results
[Figs. 6(b) and 7(a), accounting for the different substrate
aLAO aSTO
-15
-10
-5
0
5
10
15
0.1
1
10
100
1000
200 K
300 K
400 K
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
-15
-10
-5
0
5
10
15
0.1
1
10
100
1000
0
0.02
0.04
0.06
0.08
0.1
0
0.02
0.04
0.06
0.08
0.1
in-plane
cross-plane
(a)
(b)
-2
-1
0
1
2
3
4
0
50
0
-2
-1
0
1
2
3
Γ X M ΓZ Γ X M ΓZ
x2-y2
mixed
Γ X M ΓZ
x2-y2
4
0
50
0
04 00.2
E
n
er
gy
 (
eV
)
E
n
er
gy
 (
eV
)
(a.u.)
Transmission
aSTO
aLAO
Total Ni @ IF Ni @ C
in
-p
la
n
e
cr
os
s-
p
la
n
e
z2
S
 (
μ
V
/K
)
P
F
/
τ
 (
μ
W
/K
2  
cm
 f
s)
σ
/τ
 (
1/
Ω
 c
m
 f
s)
μ (eV) μ (eV)
Figure 6. (a) Majority spin band structures, projections onto
the interfacial and central Ni sites (cf. Fig. 5), respective 3d or-
bital characters, and corresponding transmission T↑(E) plots of
(LNO)3/(LAO)3(001) SLs for compressive (aLAO) and tensile (aSTO)
epitaxial strain. (b) Corresponding thermoelectric properties at three
different temperatures. Red-orange solid (green dashed) lines depict
in-plane (cross-plane) transport.
lattice parameters via averaging], we obtained estimated
temperature-dependent relaxation times τ(T ) as shown in
Fig. 7(b). The curves decay monotonically with tempera-
ture, most likely due to increasing electron-phonon scattering.
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Figure 7. (a) Simulated in-plane electrical conductivity of
(LNO)3/(LAO)3(001) SLs for compressive (aLAO) and tensile (aSTO)
epitaxial strain [cf. Fig. 6(b), µ = EF]. (b) Estimated in-plane relax-
ation times obtained by relating simulated and measured68 electrical
conductivities.
MBE- and PLD-grown samples give quite similar relaxation
times, ranging from 4 to 12 fs in the present temperature in-
terval. These results provide further confidence that τ = 4 fs
estimated above from bulk LNO at 300 K is a reasonable ap-
proximation for the present SLs.
The thermoelectric response of the 3/3 SLs is much smaller
than that of the 1/1 SLs, which is caused by their metallic
character, i.e, the highly symmetric transmission around the
Fermi energy. In- and cross-plane Seebeck coefficients are of
comparable magnitude and do not exceed 15 µV/K in abso-
lute value. Consequently, the highest power factor at room
temperature, 0.32 µW/K2cm [obtained in-plane for aLAO with
τ ≈ 4 fs from Fig. 7(b)], is distinctly below those of the
1/1 SLs listed in Table I. At 200 K, it maximally reaches
0.6 µW/K2cm (τ ≈ 6 fs). The cross-plane conductivity is
considerably lower than for the 1/1 SLs due to the thicker in-
sulating LAO barrier, which leads to even smaller power fac-
tors cross-plane than in-plane.
V. SUMMARY
We investigated the thermoelectric response of
(LaNiO3)n/(LaAlO3)n(001) superlattices (n = 1, 3) by
combining density functional theory calculations including
an on-site Coulomb repulsion term and Boltzmann theory in
the constant relaxation time approximation. The thermoelec-
tricity of the n = 3 system was found to be impeded by the
two-dimensional metallic nature of the LaNiO3 region and
the too thick insulating LaAlO3 spacer layer. In contrast, the
reduction of both layers to the ultrathin n = 1 limit strongly
enhances the thermoelectric properties of the superlattice,
particularly in-plane. This originates from the confinement-
induced Ni-site disproportionation, which is accompanied
by a band splitting (gap opening) at the Fermi energy and
is promoted considerably by tensile epitaxial strain and
octahedral tilting, as shown from disentangling the impact of
these three aspects on the total energy. Due to the sensitivity
of the metal-to-insulator transition (i.e., the width of the band
gap) and of the band velocities near the Fermi energy to
epitaxial strain, the latter emerges as a control parameter that
allows us to optimize the thermoelectric performance. For
superlattices under tensile strain corresponding to the SrTiO3
lattice parameter, we predicted in- and cross-plane Seebeck
coefficients of ±600 µV/K and an in-plane power factor of
11 µW/K2cm using an estimated relaxation time of τ = 4 fs
around room temperature; the power factor showed even
further increase with temperature. These values compare well
to prominent oxide thermoelectrics like La-doped SrTiO3 or
layered cobaltates such as Ca3Co4O9 and can be traced back
to the opening of a small band gap (0.29 eV).
Although the growth of oxide superlattices with atomic
precision is more challenging than for (doped) bulk oxides,
it has become a well-established procedure over the past
decade32,35,39,68,69 and its application for devices is intensively
pursued. Our findings suggest that oxide heterostructures at
the verge of a metal-to-insulator transition are promising can-
didates for thermoelectric materials. This opens new avenues
for research on designed superlattices for thermoelectric ap-
plications.
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